The rotational spectra of nine isotopes of the mixed trimer, OCS-͑CO 2 ͒ 2 , have been assigned using pulsed nozzle FTMW spectroscopy techniques. The structure resembles a distorted triangular cylinder. It can be thought of as the slipped (CO 2 ) 2 dimer with the OCS above the dimer and crossed about 23°to the axis of each CO 2 . The distance between the carbon atoms on the CO 2 is 3.68͑5͒ Å. The distance between the carbon on each CO 2 and the carbon on the OCS is 3.59͑5͒ and 3.66͑5͒ Å, respectively. The axes of the linear molecules are tilted 30°-35°from perpendicular relative to the edges of the C-C-C plane. The dipole moment components for the trimer are a ϭ0.63(2) D, b ϭ0.16(10) D and c ϭ0.21(2) D. The structure and dipole moment components are consistent with an interaction model, which includes a distributed multipole moment electrostatic analysis and atom-atom terms describing dispersion and repulsion. The structure is compared to other related dimers and trimers containing CO 2 , OCS, and N 2 O.
I. INTRODUCTION
High resolution spectroscopy investigations of trimer systems have been reported more frequently in recent years. Many of these trimers have been detected and assigned in searches for related dimers. Nevertheless, the number of trimers assigned is still small in comparison to the dimers investigated. As dimers are better understood and structural patterns delineated, it is attractive to systematically extend studies to related trimer systems. One expects trimers to exhibit van der Waals interactions and structures that resemble the associated dimers. This has been found in many cases, although differences in distances, or angles, or both are often found. These differences provide important insights on the balance of competitive interaction forces and changes due to the additional intermolecular interactions. Understanding these interactions should be helpful in modeling other trimers and larger systems.
Various dimers and trimers containing CO 2 and OCS have been studied in some detail in recent years, both by microwave and IR techniques. The CO 2 -OCS dimer 1 and the CO 2 dimer 2 have both been characterized and their planar, slipped parallel type structures are well known. The nonpolar OCS dimer has likewise been identified, 3 although the polar form of this species still awaits a study by high resolution techniques, despite evidence for its existence in MBER experiments. 4 Two forms of the CO 2 trimer have been studied using IR techniques. Both a planar cyclic 5 and noncyclic cylinderlike structure 6 have been identified. Recently, a study of the cylinderlike OCS trimer was reported, 7 which prompted us to ask whether a mixed trimer of OCS and CO 2 could be found. Since a sample mixture containing OCS and CO 2 can give rise to only two possible mixed trimers ͑if we exclude any possible associations that also include a rare gas atom͒ and since all of the monomers are relatively simple linear triatomics, an attempt was made to identify and characterize one of these systems. Mixed trimer systems containing the CO 2 dimer (CO 2 -CO 2 -H 2 O 8,9 and CO 2 -CO 2 -HCN 10 ͒ have already been studied by microwave techniques.
II. EXPERIMENT
The rotational spectrum of the CO 2 -CO 2 -OCS trimer was observed using a Balle-Flygare-type Fourier transform microwave spectrometer 11 with a pulsed supersonic nozzle source. Initial searches were carried out on the University of Michigan spectrometer, 12 which was recently upgraded to an autoscan mode using software and hardware developments at the University of Kiel. 13 The searches were conducted over a 2 GHz region between 6 and 8 GHz in order to locate likely transitions, using known (OCS) 3 7 and CO 2 -CO 2 -H 2 O 8 transitions as a guide for optimum valve conditions and sample quality. After mixing tests and the elimination of all known dimer and trimer transitions in the search region ͑including numerous OCS trimer transitions͒, Stark effect measurements were carried out on four of the strongest remaining lines to attempt to deduce their J values. Successful assignments of these four lines based on their Stark effects led to the measurement of a total of 52 transitions for the normal species. Stark effect measurements were conducted by the application of voltages up to Ϯ9 kV to a pair of parallel 50 cmϫ50 cm steel mesh plates that are separated by about 30 cm and situated inside the evacuated cavity. The electric field was calibrated on each day of measurement using the Jϭ1←0 transition of OCS, assuming a dipole moment of 0.7152 D.
14 A number of lines found in the initial search region were unassigned after measurement of the rotational spectra of this species. We have recently assigned several of these lines to the other mixed trimer ͑OCS͒ 2 CO 2 .
The CO 2 -CO 2 -OCS trimer was generated in a supersonic expansion using a gas mixture composed of approxi-mately 1.5% CO 2 and 1.5% OCS seeded in 97% He-Ne ''first run'' mixture ͑80% Ne, 20% He͒. The backing pressure of the carrier was about 3 atm. Experiments with Ar as the carrier gas resulted in a significant reduction in the intensity of the transitions, probably due to complexation of the monomers with the more polarizable Ar. The He/Ne/ OCS/CO 2 mixture was expanded into the evacuated FabryPerot cavity through a modified Bosch fuel injector valve, perpendicular to the direction of microwave propagation. 
III. RESULTS AND ANALYSIS
A. Spectra a-, b-, and c-type transitions were observed for all isotopic species, with the a-type lines by far the most intense and the b-type lines the weakest. The measured frequencies of 52 transitions for the normal species of CO 2 -CO 2 -OCS are given in Table I , along with the residuals from a fit of these lines to a Watson A-reduction Hamiltonian in the I r representation. The fitted rotational and centrifugal distortion constants for this and the other isotopic species are given in Tables II-IV. The value of ⌬ K was held fixed at zero in all fits since its inclusion led to a poorly determined value and had no significant effect on the fitted constants. The standard Watson Hamiltonian was clearly sufficient for a good fit of the measured transitions. The spectra of the following isotopic species were also observed: ͒ was a useful early indication of the nature of the species that we had assigned ͑i.e., a trimer that probably contains just a single OCS molecule͒.
C. Structure
The eight isotopomers and the normal species allow us to locate the atoms of this trimer reasonably well. Single isotopic substitution at the O and C atoms in the OCS molecule and at the carbon atoms of the CO 2 enabled a Kraitchman substitution determination 17 of these atom positions. This located the three carbon atoms and the OCS molecule as a whole in the principal axis system ͑although there was, for a while, an ambiguity in the sign of one of the carbon atoms of the CO 2 ). This results in a substitution structure value for the three ͑C••C͒ distances that are given in Table  VII. Efforts to determine the orientation of the CO 2 molecules proved to be more difficult. Initially we tried to locate the oxygen atoms using the University of Michigan STRFIT87 and STRFITQ implementations of Schwendeman's original STRFIT programs. 18 The former program fits the principal axes Cartesian coordinates of the atoms to the observed moments of inertia, while the latter fits internal coordinates ͑Thompson distances and angles 19 ͒. The bond distances and angles of OCS and CO 2 were held fixed at the monomer values ͑cf. below͒ in the fitting. Although sufficient fitting equations seemed to be in hand, the least square fits of the inertial data failed to converge when using the normal species, ͑CO Nine parameters are needed to define the structure of the trimer. The parameters actually fitted were the distances C 1 -M 3 and C 2 -M 3 between the carbons on each CO 2 and M 3 ͑center of mass͒ of the OCS, and angle (C 1 -M 3 -C 2 ) fixing the center of masses of the monomers. In addition, three planar angles formed by the axis of each linear molecule with the C 1 -C 2 , C 1 -M 3 , and C 2 -M 3 axes were determined and three dihedral angles viewed down the C 1 -C 2 , C 1 -M 3 , and C 2 -M 3 axes. These quantities and other derived parameters of interest are given in Table VII . Many additional parameters are illustrated in Figs. 1-4 .
The deviation of the fit ͓⌬I rms ϭ0.25 amu Å 2 , where ⌬IϭI x (calc)ϪI x (obs)͔ was reasonably small and could be 2 ). Since weakly bound complexes often exhibit large-amplitude motions of their monomer subunits, the measured rotational constants contain contamination from these vibrations. The effect of these motions is likely to be greatest in the ͑C ͔, a common assumption in the fitting of weakly bound dimer structures. Indeed, the calculated O-C bond length in OCS from the Kraitchman substitution coordinates is 1.1637 Å, an increase of less than 0.008 Å from the literature value. The Cartesian coordinates in the principal axis frame that result from the inertial fit are given in Table VI. Table VI also includes the principal axis substitution coordinates for the O and C atoms of OCS and the C atoms of the CO 2 derived from the Kraitchman single substitution calculations. These are in reasonable agreement with those from the fit of the moments of inertia. Table VII lists some of the structural parameters that result from the coordinates in Table VI as well as the values derived from the substitution structure and from a theoretical model to be discussed later.
The structural parameters from the inertial fit are r 0 values, that is, parameters obtained by fitting ground state moments of inertia, ignoring any vibrational contributions to them. Uncertainties in these parameters are given in Table  VII ; these are the statistical uncertainties from the fitting process and do not contain any model errors from the neglect of vibrations. These model errors can be larger than the statistical values in weakly bond complexes. It is not easy to estimate them without some information on the vibrations. Nevertheless, there are several indicators that the derived parameters are reasonable estimates of the structural details: the consistency of the fit, the small distortion constants, the consistency checks between the r 0 parameters, the Kraitchman values and the monomer bond distances, and the absence of tunneling splittings. We would expect that the equilibrium parameters would fall within Ϯ0.05 Å and Ϯ5°of the values in the tables and figures.
IV. DISCUSSION

A. Empirical considerations
It is apparent in Fig. 2͑b͒ that the trimer has the rough shape of a cylinder ͑or barrel͒, although the acute angles that FIG. 1. Interatomic distances in the CO 2 -CO 2 -OCS trimer. Note that the perspective in ͑a͒ places the carbon of OCS in the plane of the paper, the carbon of the left CO 2 somewhat above the plane, and the carbon of the right CO 2 somewhat below the plane. The perspective in ͑b͒ is obtained by rotating ͑a͒ by 90°about the arrow in the plane of the paper. In perspective ͑b͒, the two CO 2 monomers are almost coplanar: (7-1-2-9)ϭϪ7.7°. All distances are given in Å. the linear axes make relative to the C-C-C plane ͑ϳ50°-70°͒ suggest a better description may be a tilted, somewhat triangular cylinder. Of course, the faces of the cylinder are not actually flat since the dihedral angles along the C-C axes deviate from 0°or 180°. The three monomers orient themselves to resemble the constituent dimer structures to a great extent with the notable change that the OCS crosses the CO 2 axes to better interact with each CO 2 . This is illustrated in Figs. 3 and 4 . Figure 3 reveals that the CO 2 -CO 2 face in the trimer is slightly expanded and less symmetric than the CO 2 dimer. The two CO 2 's are nearly coplanar, deviating 7°from coplanarity. The crossing of the OCS to each CO 2 axis is more noticeable; the deviation in coplanarity of the OCS and each CO 2 is about 22°. Still one CO 2 -OCS face ͓Fig. 4͑c͔͒ closely resembles the CO 2 -OCS dimer in interatomic distances and planar angles to the C-C axes. The second CO 2 -OCS face ͓Fig. 4͑b͔͒ is markedly different from the dimer. This CO 2 has slipped so that the top oxygen (O 6 ) and carbon (C 1 ) in the CO 2 are close to the carbon (C 3 ) and oxygen (O 5 ) in the OCS. The O 6 -C 3 distance of 3.39 Å and the O 5 -C 1 distance of 3.11 Å are among the shortest nonbonded approaches in the trimer and compare to the value of 3.15 Å in the CO 2 dimer. It is noteworthy that these presumably favorable interactions also bring O 5 and O 7 within 3.37 Å. In summary, the trimer can be described as a CO 2 dimer slightly perturbed by an OCS addend lying above the dimer.
In contrast, it is interesting that the CO 2 dimer moiety found in ͑CO 2 ͒ 2 -H 2 O 9 and ͑CO 2 ͒ 2 -HCN 10 are more perturbed with the C-C distance shortening to about 3.50-3.52 Å, forcing the CO 2 's to deviate about 20°from planarity. The ͑CO 2 ͒ 2 OCS trimer closely resembles the noncyclic CO 2 trimer. 6 The structure of this latter trimer was cleverly deduced from vibrational transition dipole data and rotational constants. It has a barrel-like structure with one CO 2 tilted relative to a CO 2 dimer fragment similar to the OCS in ͑CO 2 ͒ 2 OCS. The dihedral angles between the tilted CO 2 and the CO 2 's in the dimer fragment are approximately 27͑7͒°. The CO 2 dimerlike fragment is nearly coplanar ͓ ϭ5.8(4)°͔. Its C-C distance is 3.76͑8͒ Å and these carbons are 3.55͑5͒ Å from the crossed CO 2 .
The barrel-like (OCS) 3 7 and (NNO) 3 23 structures recently proposed also resemble the ͑CO 2 ͒ 2 OCS trimer. The N 2 O trimer appears to have a less planar N 2 O dimer fragment and the third N 2 O is more crossed relative to the dimer fragment. The structure for ͑OCS͒ 3 is less precisely known at   FIG. 2 . Planar angles in the CO 2 -CO 2 -OCS trimer. The perspective ͑a͒ is the same as Fig. 1͑a͒ . ͑b͒ is obtained by rotating ͑a͒ about 45°about the arrow to better illustrate the angles between the triatomic axes and the ring C-C axes. Dihedral angles around the ring: (7-1-2-9)ϭϪ7.7°, (7-1-3-5)ϭϪ23.0°, (9-2-3-5)ϭϪ23.5°. Fig. 1 for the atom numbers. M 3 is the center of mass of the OCS.
this time and a comparison of parameters is therefore less useful. In summary, it is apparent that this distorted cylinderlike motif is endemic to three homomolecular trimers of CO 2 , NNO, and OCS and the mixed trimer of ͑CO 2 ͒ 2 OCS reported in this paper. Of course, the possibility of identifying other isomeric forms is still an open question and, in fact, the CO 2 cyclic planar ͑pinwheel͒ structure was the first trimer species identified in this set. The cylindrical form is one that allows maximum contact optimizing the dispersion forces while the slipping and tilting of the monomers maximizes the electrostatic attraction.
B. Theoretical modeling
After initial assignment of the normal species, we explored a theoretical model to predict the structure. We were interested in checking whether the model would provide rotational constants that might confirm our postulated carrier of the spectrum and assist us in the location of further isotopic species. The model employed included a distributed multipole electrostatic interaction and an analytical dispersion and repulsion term. The ORIENT program of Stone 24 was employed for the calculations. One energy minimum on the potential energy surface of the trimer was found, starting with a planar cyclic pinwheel configuration. The distributed multipole moments were calculated for the CO 2 and OCS molecules at the SCF level with the CADPAC suite of programs 25 using a TZ2P basis set, and these provided the electrostatic contribution to the intermolecular interaction potential. Moments up to the hexadecapole terms were used and are available as supplementary material. 16 The dispersion and repulsion energies were included as atom-atom terms. The combined dispersion and repulsion energy between two molecules A and B were represented by
where i and j represent sites on molecules A and B, respectively, separated by a distance R i j . ␣ i j is a hardness parameter and is dependent upon a particular site pair. The parameter i j is orientation dependent and describes the effective size of the atoms. K is simply a convenient unit of energy and has been taken to be 10 Ϫ3 E h in the present work. Values of ␣ i j , i j , and C 6 i j were taken from the tabulated values of Mirsky 27 and were obtained from Table 11 .2 of Ref. 26 . Atom-atom terms for pairs of atoms that were not included in Ref. 26 were obtained by the following combination rules: the harmonic mean for ␣ ͑i.e., 1/␣ i j Ϸ1/␣ i ϩ1/␣ j ), the arithmetic mean for , and the geometric mean for C 6 . A noncyclic, barrel-like structure in which the three monomers are aligned almost parallel was predicted from this model, with an interaction energy of Ϫ1613.2 cm
Ϫ1
. The computed rotational constants for this species were in remarkably close agreement with the measured constants ͑see Table VIII͒ and, taking into account the agreement in predicted dipole moment components, it is clear that this model is a good approximation of the actual structure. Isotopic substitution of the atoms in this model structure led to a quick identification of the isotopic species' spectra, further indicating that this predicted structure was an excellent working model to the actual structure. The computed distances for the C••C separations in the model are 3.60 Å (CO 2 -OCS) and 3.75 Å (CO 2 -CO 2 ). The fitted values are 3.592 and 3.659 Å for the former and 3.681 Å for the latter. While the details are somewhat less than perfect, the agreement is quite good and certainly helpful in a spectroscopic sense ͑Table VIII͒. This indicates that the physics of the interaction and the resultant structure can be largely accommodated by the electrostaticdispersion-repulsion mechanism. The usefulness of the ORIENT model was gratifying, although we note that it has proved somewhat less successful in reproducing the structural/spectral features for several SO 2 containing dimers, 28 which we have investigated. It will be worthwhile to learn if it is similarly successful in applications to other dimers and trimers containing linear molecules, and we intend to explore this in subsequent studies. Similar models patterned after Muenter's formalism and that of others have been previously employed in an analysis of the CO 2 dimers 29 and trimers 6, 30 and the OCS trimer 7 with comparable success. The use of molecular dipole and quadrupole moment information has also been explored for the CO 2 -OCS dimer 1 and the cyclic CO 2 trimer, 5 where the simplicity of the structural 
(O 7 -C 1 -C 2 -M 3 )/°Ϫ100.9͑34͒¯Ϫ111.1 (S 4 -M 3 -C 1 -C 2 )/°44.2͑18͒¯40.9 a Signs in the dihedral angles are consistent with the definition in Ref. 22 . The last nine parameters in the table were quantities determined by least squares fitting of the 27 moments of inertia. The first three parameters were derived from this fit ͑column 2͒ or from Kraitchman's single substitution equations ͑Ref. 17͒ ͑column 3͒, which uses only six moments of inertia for each quantity. See the text for a description of model parameters ͑column 4͒. a The predicted rotational constants were obtained from the ORIENT program ͑see the text͒. The predicted dipole was obtained from a projection of the OCS monomer dipole of the model structure ͑recovered from the distributed multipole moments for that molecule͒ into the principal axis system. systems made this approach attractive. This approach is less useful for this case. It is apparent that while the basic tilted barrel shape of the ͑CO 2 ͒ 2 OCS trimer can be qualitatively rationalized as an optimal compromise between dispersion forces seeking close contact ͑three parallel sticks͒, and electrostatic forces driving the slipping and sliding of the sticks with repulsion keeping them apart, a more complex atomatom interaction model such as afforded by the ORIENT program is needed to rationalize the details. Some induction interaction forces will likely also be needed to fine tune the details, although this contribution appears to be small, based on the small effect on the observed dipole moment. An optimal model to closely reproduce the physical system will probably also need to account for anisotropy in the interaction terms as well.
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